Electromechanical dielectric degradation associated with the hard landing of movable electrode is a technology-inhibiting reliability concern for capacitive RF-MEMS switches. In this letter, we propose two schemes for dynamic soft-landing that obviate the need for external feedback circuitry. Instead, the proposed resistive and capacitive braking schemes can reduce impact velocity significantly without compromising other performance characteristics like pull-in voltage and pull-in time. Resistive braking is achieved by inserting a resistance in series with the voltage source whereas capacitive braking requires patterning of the electrode or the dielectric. Our results have important implications to the design and optimization of reliability aware electrostatically actuated MEMS switches. © 2011 American Institute of Physics. ͓doi:10.1063/1.3598960͔
Despite these advantages, poor reliability related to dielectric charging, 4 mechanical creep, 5 etc. continue to hinder the large scale deployment of RF-MEMS switches and have been studied extensively by many groups. 6 Another key reliability concern is the impact velocity ͑ impact ͒ with which the movable electrode M 1 ͓Fig. 1͑a͔͒ impacts the dielectric in an electrostatically actuated capacitive MEMS switch. This impact damages the dielectric and increases the adhesion forces 7 which may eventually lead to malfunction of the switch due to stiction. 8 Reliability and performance concerns therefore dictate that in an ideal capacitive RF-MEMS switch electrode M 1 should land on the dielectric softly ͑i.e., with lower impact ͒ without compromising other critical parameters like pull-in time ͑t PI ͒ and pull-in voltage ͑V PI ͒.
The pull-in of a capacitive MEMS switch is achieved by applying a step potential V between the electrodes M 1 and M 2 ͓Fig. 1͑a͔͒. Assuming M 1 at rest at y 0 ͓Fig. 1͑b͒, point A͔, a step voltage V Ͻ V PI imparts an energy E T1 = C͑y 0 ͒V 2 / 2 to M 1 ͓Fig. 1͑b͒, point B͔. Electrode M 1 eventually comes to rest at the minima ͓point P 1 , Fig. 1͑b͔͒ of the total potential energy ͑E͒ landscape defined by the sum of electrostatic ͓C͑y͒V c 2 / 2, V c being the voltage across the capacitor͔ and spring ͓k͑y 0 − y͒ 2 / 2͔ potential energies ͓lower solid line in Fig. 1͑b͔͒ . The energy difference between E T1 and P 1 is lost due to air-damping. For step voltage V Ͼ V PI , however, the energy of M 1 jumps to E T2 and since the energy landscape this time ͓upper solid line in Fig. 1͑b͔͒ does not have any minima, the 'limiting point instability ' 9 results in uninhibited acceleration of M 1 that is eventually brought to hard-stop at y =0 ͓point P 2 in Fig. 1͑b͔͒ by slamming against the immovable dielectric. It is this kinetic energy dissipation Fig. 1͑b͒ , from point D to P 2 ͔ at the M 1 /dielectric interface that damages the dielectric. Figure  1͑c͒ shows the displacement ͑y͒ and velocity ͑͒ of the electrode M 1 as a function of time ͑t͒ during pull-in.
Various open and closed loop control 10 techniques have been employed to reduce impact or E d for individual 11 and ensemble 12 of MEMS switches. These techniques craft the input waveform so that V͑t͒ is reduced below V PI as M 1 approaches the dielectric, thereby ensuring softer landing. Recently an innovative self learning control algorithm was proposed to minimize impact and contact bounce by correcting the V͑t͒ waveform iteratively. 13 These external circuits add to the cost and the waveform developed for a nominal switch is often not optimal for an ensemble of switches ͑due to process variations͒ and the worst-case design inevitably compromise global performance. Toward the goal of developing a self corrective, cost effective, and process variation tolerant soft-landing scheme, we propose two techniques to reduce impact during pull-in transient of the switch. The first method involves resistive feedback/braking so that part of E d is remotely dissipated in a resistor away from M 1 /dielectric interface, whereas the second method relies on the patterning of either of M 1 , M 2 or the dielectric in such a way that the effective capacitor area decreases dynamically as M 1 approaches the dielectric. Both the methods reduce impact without compromising V PI and t PI significantly.
The dynamics of the switch shown in Fig. 1͑a͒ 
where m is the mass of the upper electrode, k is the spring constant, C is the capacitance of the MEMS switch, V c is the voltage across the capacitor, and I is the transient current flowing through the capacitor. For conventional parallel plate geometry, we have indicates that the acceleration of M 1 is directly proportional to the electrostatic force which is given by Eq. ͑4͒
As M 1 approaches the dielectric, impact can be dynamically reduced by modulating V c or C such that either the point D or P 2 in Fig. 1͑b͒ move in a way to reduce E d and impact . Traditional schemes like waveform shaping 15 attempt to reduce impact by modulating the applied bias V ͓with R =0, V c = V, see Fig. 1͑a͔͒ . Here, we describe two new and simpler schemes for soft-landing of RF-MEMS switches.
One can reduce impact by inserting a resistance R in series with the voltage source ͓Fig. 1͑a͔͒. Initially at t =0 + , there will be large transient current I ͑for few nanoseconds͒ to charge the capacitor. Once this t =0 + transient is over and the upper electrode begins to move, I is relatively small at the early stages of pull-in such that V c ϳ V and M 1 pulls in classically. For t close to t PI , I increases rapidly, causing significant remote resistive dissipation across R. As a result, the point D moves down closer to P 2 in Fig. 1͑b͒ , with corresponding reduction in E d and impact . This self retardation does not require any complex external circuitry to shape V c but achieves the same dynamically through the negative feedback introduced by R in the scheme.
Let us now illustrate the effectiveness of dynamic resistive braking by solving Eqs. ͑1͒-͑3͒ numerically for a typical/practical MEMS switch. Figure 2͑a͒ shows as a function of y during pull-in for R = 0 and R =10 k⍀. In both the cases, electrode M 1 lands on the dielectric in almost same t PI ͓Fig. 2͑b͔͒, but with R =10 k⍀, impact is reduced by almost 50%, so that only 25% of the kinetic energy is dissipated on the M 1 /dielectric interface, while the rest 75% is dissipated in the remote resistance. Since resistive braking is only operative for a short duration, t close to t PI when ͑t͒ is high ͓Fig. 1͑c͔͒, it changes only impact without affecting t PI significantly. The upper limit of R is determined by the fact that if R is too high, the increase in t PI may be unacceptable, as I become large enough to reduce V c and retard the motion of M 1 throughout the pull-in process. For the illustrative problem, R Ͻ 1 M⍀ provides large reduction in impact , without changing t PI significantly ͓Fig. 2͑b͔͒. Similar dependence of t PI on resistance has been reported in literature 16 in the context of energy-pull-in time product optimization. The experiments in Ref. 16 can be reinterpreted as the validation of the model prediction regarding the impact discussed in this letter. Figure 2͑c͒ shows various components of energy dissipation as a function of R. Total energy
2 / 2−ky 0 2 / 2 ͑by energy conservation͒ is independent of R. This means that the energy dissipation at the dielectric surface decreases because of increase in the ͑remote͒ resistive dissipation through R, while keeping the energy supplied by the voltage source unchanged.
One major advantage of resistive braking is that it works well for an ensemble of switches in presence of process variation. Figure 2͑d͒ shows the distribution of impact velocity with 10% variation in the input parameters ͑L, W, y 0 , y d , etc.͒. Both, the mean ͑͒ and the standard deviation ͑͒ of the impact velocity are reduced significantly for R =10 k ⍀.
An alternate scheme for reducing impact is to pattern M 1 or M 2 or dielectric as shown in Fig. 3 ͑p 1 ͒ − ͑p 5 ͒. For example, electrode M 1 or M 2 can be an array of electrically connected cylinders or spheres ͓Fig. 3 ͑p 2 ͒ and ͑p 3 ͔͒ and/or the dielectric can be patterned to have an array/fractal of linear slots ͓Fig. 3 ͑p 4 ͒ and ͑p 5 ͔͒. Patterns in Fig. 3 ͑p 2 ͒ and ͑p 3 ͒ can be fabricated using various techniques such as dielectrophoretic directed assembly, 17 contact, 18 or transfer printing methods, 19 or liquid-alloy filled microchannels. 20 Now, in the up-state of M 1 , the fringing fields between the plates ensure that the patterned capacitors are indistinguishable from unpatterned parallel plate capacitor following C = Ay −1 before pull-in; and therefore, V PI remains the same in spite of patterning. As M 1 approaches the dielectric during pull-in, however, the individual field lines associated with the patterned array begins to separate rapidly from each other and elements of the array begins to behave as an isolated capacitors, with dramatic reduction in the effective area of the capacitor and hence the capacitance ͓C = A͑y͒y −1 ͔. This reduction in the capacitance of a patterned capacitor causes electrostatic potential energy to reduce in   FIG. 2 . ͑Color online͒ Soft-landing by resistive braking. ͑a͒ Velocity ͑͒ as a function of displacement ͑y͒ during pull-in for R = 0 and R =10 k⍀ ͑b͒ impact and t PI as a function of R. Below R =1 M⍀, impact changes but t PI remains almost the same. ͑c͒ Energy as a function of R. E T is the total energy supplied by the voltage source, E d is energy dissipation at the dielectric surface, and E R is the total energy dissipated through R during pull-in process.͑d͒ Distribution of impact due to process variation for R = 0 and R =10 k⍀. Both, the mean ͑͒ and standard deviation ͑͒ decreases for R =10 k⍀.
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Jain, Nair, and Alam Appl. Phys. Lett. 98, 234104 ͑2011͒ magnitude, pushing point P 2 up closer to D ͓Fig. 1͑b͔͒ resulting in reduced E d and impact . The capacitance C͑y͒ for the patterned structures shown in Fig. 3 ͑p 1 ͒ − ͑p 5 ͒ has been obtained by solving the Poisson's equation, i.e., ٌ 2 ͑x , y , z͒ =0 ͓ being the potential at the point ͑x , y , z͒, where x and z are in the plane of electrode surface and y is as shown in Fig. 1͑a͔͒ numerically for each y and then used in Eqs. ͑1͒-͑3͒. The results for the pull-in dynamics are summarized in Figs. 3͑a͒-3͑d͒ . Figure 3͑a͒ shows as a function of y for patterned electrodes or dielectric. Reduction in impact is maximum for an array of spheres. Figures 3͑b͒ and 3͑c͒ shows impact and t PI as a function of separation ͑g͒ between individual elements of the patterned electrode or dielectric. As g increases, impact decreases at the cost of increased t PI . Figure 3͑d͒ shows impact and t PI as a function of fractal dimension ͑D F ͒ of patterned dielectric of Fig. 3 ͑p 5 ͒. As D F of the patterned dielectric increases, the dielectric begins to resemble a classical parallel plate MEMS switch and the advantages of patterning are rapidly diminished.
The elegant idea of dielectric/electrode patterning has previously been used to develop faster switches 21 and to reduce dielectric charging. 22 In this letter, we show that such patterned structures offer further advantage of reducing impact ͑hence enhancing the reliability of MEMS switches͒. However, one disadvantage of the patterned electrode/ dielectric is the loss of ON-state capacitance ͑C ON ͒, therefore, a combination of resistive braking as well as electrode/ dielectric patterning may offer the best compromise between reliability ͑soft-landing, dielectric charging͒ versus performance ͑t PI , and C ON ͒. In this letter, we proposed two novel schemes resistive and capacitive braking ͑rather than pulse shaping͒ for dynamic soft-landing of RF-MEMS switches. Without the aid of any external circuitry, the remote resistance and capacitive braking schemes achieve reduced impact velocity through inherent/intrinsic feedback mechanisms. The proposed resistive braking scheme also provides an optimum solution for the design of an ensemble of switches in presence of process variations as it reduces both the mean ͑͒ and the standard deviation ͑͒ of impact . The proposed capacitive braking technique may additionally reduce dielectric charging due to reduced contact area and hence further enhance the life time of the switch. The techniques proposed in this paper are not necessarily restricted to capacitive MEMS switches but should find broader applications in systems/devices which involve contacting of two surfaces due to electrostatic actuation, e.g., ohmic MEMS switches, nanoelectromechanical field effect transistors 23 and relays. 24 We gratefully acknowledge discussions with Professor S. Datta, financial support from MSD-FCRP center and PRISM and computational resources from Network for Computational Nanotechnology ͑NCN͒.
FIG. 3.
͑Color online͒ Soft-landing by patterning the electrode M 1 / M 2 or dielectric. Electrode M 1 / M 2 can be-͑p 1 ͒ rectangular plate, ͑p 2 ͒ array of cylinders, ͑p 3 ͒ array of spheres, and dielectric can be-͑p 4 ͒ an array of linear slots, or ͑p 5 ͒ a fractal of linear slots. ͑a͒ as a function of y for patterned electrode or dielectric. Velocity reduction is maximum for an array of spheres. ͑b͒ impact ͑c͒ t PI as a function of separation ͑g͒ between individual elements. As g increases, impact reduces at the cost of increased t PI ͑d͒ impact and t PI for fractal dielectric as a function of D F . As D F increases, impact increases and t PI decreases.
